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Abstract 
Permanent Magnet Flow Meter (PMFM) made with ALNICO-5 magnet is presently used for measuring 
flow in sodium circuits.  These flowmeters are heavy, bulky and occupies more space in the plant 
mainly because of the large size of the magnet assembly. Rare earth permanent magnet material like 
Samarium Cobalt (SmCo) is having higher coercivity and energy product than ALNICO-5.  A  PMFM 
suitable for 20 NB pipe was designed and manufactured using SmCo magnet assembly. The magnetic 
flux density obtained at the center of air gap was 60 % higher than the flux density of ALNICO-5 
assembly of nearly same size. The 20 NB size PMFM with SmCo magnet assembly was calibrated in 
sodium against a reference PMFM in 500 kW sodium loop. Calibration runs were conducted at different 
temperatures of 300 C, 400 C and 500 C and at different flow rates. Sensitivity of the SmCo PMFM 
was found to be 3.4 mV/m3/h compared to 2.1 mV/m3/h as that of ALNICO-5 PMFM. Two SmCo 
magnet assemblies from the same lot were used for stability testing of the magnet.  Long term stability 
of the magnet assembly at operating temperature was tested by keeping the magnet assembly in the 
furnace at 100°C for 5000 hours and was observed that flux density remains steady.  Accelerated long 
term stability test at 200°C for 5000 hours was also completed and found that no significant reduction in 
flux density. The results shows that stability of the magnet with time and temperature is found to be 
good. Hence the feasibility of manufacturing PM flowmeters suitable for high temperature sodium flow 
measurement with SmCo magnet assembly was demonstrated. These types of flow meters will be 
compact compared to ALNICO-5 flowmeters if designed for same sensitivity and can be deployed in 
future Fast reactors. This paper gives the details of Samarium cobalt flowmeter, sensitivity estimate, 
stability testing and sodium test results. 
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1. Introduction 
    Permanent magnet flow meter is used for measuring sodium flow in the sodium circuits. Th e flow 
meter works on the principle of DC generator. The critical component in the flow meter is the 
permanent magnet assembly. Presently magnet assembly is made with ALNICO-5 magnets. It is 
planned to use magnet assembly made of samarium cobalt (SmCo26) in PM flowmeter. Since samarium 
cobalt magnet material is having higher coercivity and energy product than ALNICO-5, overall size and 
weight of the magnet assembly can be reduced.    
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    Three SmCo magnet assemblies suitable for 20 NB PM flow meter were designed and manufactured 
[1]. Flux density of the magnet assemblies at air gap centre was measured and found to be 2.06 kG. 
Magnet assembly 1 was used for the fabrication of the 20 NB pipe PM flow meter. This PM Flow meter 
was installed in 500 kW sodium loop for calibration against a reference 80 NB PM flow meter (FM4). 
Sensitivity of the reference 80 NB PM flow meter (FM4) was 0.27 mV/m3/h. Calibration runs were 
conducted at different temperatures of 300, 400 and 500 C and at different flows up to 22 m3/h. Out put 
of 20 NB SmCo PM flow meter and 80 NB PM flow meter (FM4) were monitored and compared. The 
sensitivity of the 20 NB SmCo PM flow meter was estimated based on the flow read by the reference 
flow meter. Sensitivity of the SmCo flow meter was found to be 3.4 mV/m3/h. This was 60 % higher 
than the sensitivity of 20 NB flowmeter with ALNICO-5 magnet assembly manufactured earlier.   
Magnet assembly-2 was used for the temperature stabilization test at the operating temperature and 
magnet assembly-3 is used for the accelerated temperature stabilization test. This paper gives the details 
of samarium cobalt flowmeter, sensitivity estimate, stability testing and sodium test results. 
2. Details of the magnet assembly 
    Magnet assembly consists of rectangular samarium cobalt (SmCo26) permanent magnet blocks and 
mild steel pole faces joined by bolting. Samarium cobalt permanent magnet is available in blocks of 
size 25 x 25x 12.5 mm. These blocks are imported and assembled to get suitable magnet assembly. 
SmCo magnets are manufactured by powder metallurgical processes.  Photograph of the SmCo magnet 
assembly which is used for the 20 NB flowmeter is given in Fig.1. Table 1 gives the comparison of 
properties of ALNICO-5 and Samarium cobalt magnet materials [2]. Details of the SmCo magnet 
assembly is given in Fig.2. 
 
Fig.1.Photograph of SmCo magnet assembly 
Table 1.Comparison of ALNICO-5 and SmCo magnetic properties  
Sl.No. Details ALNICO-5 SmCo 26 
1 Remanance (Br)  
Gauss 
12500  10500 
2 Coercivity (Hc)  
Oersted 
650  9000 
3 Peak energy 
product  (BH) 
max   G.x Oe 
5.25x106  26x106 
4 Curie 
temperature ºC 
870    825 
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Fig.2. Samarium Cobalt magnet assembly  
3. Description of PM flowmeter 
    A magnetic flowmeter basically consists of a pipe made of a non-magnetic material mounted in the 
transverse magnetic field between the two poles of a permanent magnet structure. Electrical contacts 
(electrodes) positioned diametrically opposite each other are welded to the outer surface of the pipe 
with their central axis oriented normal to the direction of the lines of magnetic field and flow. A small 
D.C. voltage is developed across the electrodes by the conductive liquid metal (sodium) as it flows 
through and cuts the magnetic field.  The magnitude of D.C. voltage is directly proportional to the 
velocity of the liquid and the polarity is determined by the direction of liquid flow. This flowmeter 
consists of duct assembly and magnet assembly. A pipe with electrodes welded on either side is used as 
duct assembly [3]. Movement of the duct is arrested by providing clamp and stud pin arrangement. Two 
pairs of electrodes are welded to the duct and routed to the terminal connector. Fig.3 shows the details 
of the flowmeter with samarium cobalt magnet assembly. Fig.4 shows the photograph of Samarium 
Cobalt flowmeter.  
  
 
Fig.3.Samarium Cobalt type PM flowmeter 
 
 
 
G Vijayakumar et al. / Energy Procedia 7 (2011) 630–637 633
 
 
 
Fig.4.Photograph of Samarium Cobalt flowmeter 
4. Estimation of sensitivity 
    Based on the average flux density value, estimated sensitivity of the flowmeter is given below. 
Velocity v at 1 m3/h flow    =  0.81 m/s 
Flux density Bg                   = 0.207 Tesla 
Length of the conductor l   = 20.96 mm 
Pipe wall correction factor K1 = 0.911 
End effect correction factor K2 = 1 
Temperature correction factor K3 = 0.988 
 
E  =  Bg  x  l  x  v  x  K1  x  K2  x  K3  x  103  mV 
    =  3.16 mV/m3/h    
5. Testing location 
    SmCo PM Flowmeter was installed in the Eddy Current Flow meter (ECFM) calibration circuit 
located in secondary outlet line of the IHX in 500 kW loop. ECFM calibration circuit consists of ECFM 
test section and one calibrated 80 NB PM flow meter (FM4). The 20 NB SmCo PM flowmeter was 
introduced in series with the reference flowmeter (FM4) with suitable modification in the sodium lines. 
Sensitivity of the reference 80 NB flowmeter (FM4) is 0.27 mV/m3/h. Details of the calibration set up 
are given in Fig.5. 
 
Fig.5.Calibration set up of 20 NB SmCo PM flowmeter 
6. Testing procedure 
    Loop was filled with required level of sodium and put circulation in isothermal mode at 300 C. 
ECFM test section flow was established by closing VNa1 and opening VNa2. Out puts of the reference 
flowmeter (FM4) and 20 NB SmCo PM flowmeter were monitored and compared. Different flow rates  
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were established by throttling the valve VNa2 and flowmeter readings were monitored using a high 
accuracy and high resolution HP make data logger. Experiments were repeated at different temperatures 
of 400 and 500 C. Flow sheet of the 500 kW loop is given in Fig.6. The sensitivity of 20 NB SmCo 
PM flowmeter was estimated based on the flow read by the reference flowmeter and the millivolt given 
by 20 NB SmCo PM flowmeter.  
Fig.6.Flow Sheet of 500 kW loop 
7. Calibration results 
Calibration results of SmCo flowmeter at 500°C are tabulated in Table 2. Reference flow vs SmCo 
PMFM output at 500°C is given in Fig.7.  
 
Table 2.Calibration results at 500 °C 
Sl.
No. 
Ref 
flow 
FM4 
mV 
Ref 
flow 
FM4 
m3/h 
SmCo 
FMP1 
Output 
mV 
Sensit
ivity 
FMP1  
mV/ 
m3/h 
SmCo 
FMP2 
Output 
mV 
Sensit
ivity 
FMP2  
mV/ 
m3/h 
1 2.024 7.496 24.22 3.231 25.032 3.339 
2 3.018 11.178 36.147 3.234 37.392 3.345 
3 4.022 14.896 48.982 3.288 50.457 3.387 
4 5.021 18.596 60.698 3.264 62.968 3.386 
5 6.02 22.296 72.252 3.241 75.594 3.390 
Non-linearity % 1.73  1.50 
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Ref flow vs FM output at 500 °C 
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Fig.7.Ref flow vs SmCo PMFM output at 500°C 
8. Effect of flow on sensitivity  
    Ref flow vs sensitivity graph of both the pairs of electrodes were plotted and shown in Fig.8. 
Maximum non-linearity of sensitivity with respect to flow is found to be around 3.39 % at 400 °C.  
Ref flow vs sensitivity at 400 °C
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Fig.8.Ref flow vs sensitivity at 400°C 
9. Effect of temperature on sensitivity 
    Sensitivity variation of SmCo PMFM at various sodium temperatures and at a flow rate of 18.6 m3/h 
is shown in Fig.9. Maximum non-linearity of sensitivity with respect to temperature (300 to 500°C) at a 
flow rate of 18.6 m3/h is found to be 2.87%. 
Temperature vs sensitivity at a flow rate of 18.6 m3/h
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Fig.9.Temperature vs sensitivity at 18.6 m3/h flow 
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10. Temperature stabilization of magnet assembly  
    Temperature has an important effect on the magnetic field strength. Magnetic flux density in the air 
gap is decreasing with respect to time and temperature. To avoid reduction of magnetic field during 
service each magnet assembly used for PMFM manufacturing has to be subjected to a temperature 
stabilization process.  
    An Electrical muffle furnace is used for conducting the temperature stabilization of permanent 
magnet assembly 2.  Stabilization process consists of three rapid heating and cooling cycles followed by 
three gradual heating and cooling cycles at 50°C above operating temperature. Operating temperature of 
the magnet assembly is 100°C. Temperature stabilization of SmCo magnet assembly was carried out at 
a temperature of 150°C. Magnet assembly 3 was used for the accelerated temperature stabilisation 
experiment at a temperature of 250 °C. Three rapid heating and cooling cycles followed by three 
gradual heating and cooling cycles were carried out. It was observed that there was no reduction in the 
flux density after temperature stabilization experiment. 
11. Stability test of SmCo magnet assembly 
    Temperature stability test of the SmCo magnet assembly was carried out at the operating temperature 
of 100°C [4,5]. Magnet assembly 2 was used for the temperature stability test. Stability test of magnet 
assembly 2 was carried out for 5000 hours in the furnace at a temperature of 100 C and temperature 
was maintained by ON/OFF controller within 5 C. During stability testing magnet assembly was 
removed from furnace at intervals, cooled to room temperature and flux density at center and reference 
point was measured. It was observed that flux density of the assembly remains steady even after 
exposure of 5000 hours at a temperature of 100°C. Temperature stability curve of magnet assembly 2 is 
given in Fig.10. 
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Fig.10.Time vs flux density curve 
 
    Stability testing of magnet assembly 3 was carried out for 5000 hours at a temperature of 200 C and 
temperature was maintained by on/off controller within 5 C. The flux density of the magnet assembly 
3 remaines steady after the exposure of 5000 hours at a temperature of 200°C. These stability test 
results confirm long term stability of SmCo magnet.  
12. Summary 
    A flowmeter with samarium cobalt magnet assembly which is having higher coercivity and energy 
than ALNICO-5 magnet material is manufactured. This flowmeter was installed in 500 kW loop and 
calibrated against a reference 80 NB PM flowmeter. Calibration runs were taken at different 
temperatures of 300, 400 and 500 C and at different flows up to 22 m3/h. Output of reference and 
SmCo PM flowmeter were monitored and compared. The sensitivity of the SmCo flowmeter was 
estimated based on the flow read by the reference flowmeter and the millivolt given by the SmCo 
flowmeter. Estimated sensitivity based on measured flux density value was found to be 3.16 mV/m3/h 
where as sensitivity estimation based on sodium calibration was found to be of the order of 3.4  
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mV/m3/h. Maximum non-linearity of the sensitivity with respect to flow is found to be  3.39 % at 400 
°C. Maximum non-linearity of the sensitivity with respect to temperature is found to be 2.87% at a flow 
rate of 18.6 m3/h. From the calibration results it was found that a 20 NB PM flowmeter with SmCo 
magnet assembly is giving 60 % higher sensitivity for the same size with ALNICO-5 magnet assembly. 
It was also found that there was no significant flux density reduction for the SmCo magnet assemblies 
after 5000 hours of exposure at 100°C and 200°C. 
13. Conclusion  
    Sensitivity of the SmCo PM flowmeter was found to be 60 % higher as that of ALNICO-5 PM 
flowmeter for the same size. Size of the SmCo magnet assembly can be reduced to get the same 
sensitivity as that of ALNICO-5 PM flowmeter. Sodium flowmeters can be made compact by using 
SmCo magnet by maintaining the sens itivity.  Hence compact PM flowmeters with SmCo magnet 
assemblies can be deployed in future fast reactors. 
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